Abstract. The dynamic stability issue of consequent rock slopes has been paid wide attention by scholars both at home and abroad, because this kind of slope is more likely to form a buckling failure under seismic loading. In this paper, in-depth researches focused on the dynamic stability problem of consequent rock slope have been launched by using the FLAC3D software. The numerical analysis is performed based on the slope model test of key laboratory of engineering geomechanics (EGL). The simulation and experimental results are in good agreement, which verifies that it is feasible to analyze the slope dynamic stability problem by using FLAC3D. Finally, the dynamic response characteristics of consequent rock slope are obtained through compare analysis of the test results and the results of numerical analysis.
Introduction
Consequent rock slope refers to the stratified rock mass slope whose slope free face has the similar dip direction with the rock stratum [1] . China is a mountainous country in which mountainous and hilly land accounts for about 70% of China's land area [2] . Engineering experience has shown that it is instable sliding of consequent rock slope that occurred most frequently among mountain roads and construction engineering diseases. For example, Wanliang highway began to be constructed at the end of 1999 [3] , however, during the period of construction, more than 20 landslides happened only within the scope of K41 to K50 construction segments, which lead to the interrupt of the project. In recent years, with the increasingly frequent earthquake disasters, the probability of rock slope failure induced by geological disasters (including landslide and collapse) will greatly increase. On May 12th, 2008, an earthquake of magnitude 8.0 shocked Wenchuan County which is located in Sichuan Province of China. According to statistics, the earthquake caused 5430 geological disasters in 42 counties (cities) of Sichuan Province, including 3572 landslides (as shown in Fig. 1 ), 737 mud-rock flows and 600 collapses. The landslides paralyzed the transportation lines, and created "barrier lakes" and other secondary disasters, which caused serious economic losses. Statistics showed that the losses caused by the landslides accounted for about a third of the total loss of the earthquake [4] .
Therefore, stability analysis and safety evaluation of consequent rock slope has become an important research project in the field of geotechnical engineering. Especially in the study of dynamic stability, Xiao and Li have established the calculation model of consequent rock slope by using discrete element software UDEC [5] . The characteristics of slope deformation under seismic loads have been analyzed, and the effect of slope height, slope gradient, strata dip angle and seismic wave parameters on the permanent displacement of consequent rock slope has been determined. Liu has discussed the thickness, dip angle, buried depth and other parameters of weak interlayer could influence the slope dynamic response through finite element software ANSYS [6] . Men and Peng have studied the destruction mechanism of consequent rock slope through shaking table test [7] . However, in the context of the current research status, the most of research results are usually based on qualitative analysis, and a lot of assumptions have been proposed to simplify the problem. Therefore, the results cannot be directly applied to practical engineering. A systematic, scientific and mature approach should be established to comprehensively evaluate the dynamic stability of consequent rock slopes. In recent years, with the deepening of the research work, solving complicated slope problems through numerical analysis method has become a tendency. The continuum mechanics for finite element analysis software FLAC3D is an excellent representative of geotechnical numerical analysis software.
FLAC3D is named from the use of Fast Lagrangian Analysis of Continua, which adopts hybrid discrete method, finite difference method and dynamic relaxation method. Generally speaking, when FLAC3D starts a new numerical analysis, firstly, the calculation area must be meshed into several discrete polyhedron elements. FLAC3D utilizes time step as the basic computing unit. Within each time step, node loads only influence the node directly connected to the loaded node. As the growth of the time steps, the loads will be passed to the whole computing area. On this basis, the unbalanced force between elements can be calculated, and the calculated unbalanced force will be reapplied to the nodes. Then, the next step of iterative calculation begins in the same way over and over again. The calculation will not stop until the unbalanced forces are small enough to achieve the accuracy requirement [8] . Fast Lagrangian Analysis of Continua is very suitable for analyzing and solving elastic-plastic and large deformation problems.
General Information of Test and Numerical Model
At present, the dynamic response, instability mechanism and stability evaluation of consequent rock slope under earthquakes are still unable to reach a unified understanding both at home and abroad. There is little reliable theory to verify the rationality of the calculation results of numerical analysis method. Due to the limitation of test conditions, shaking table test could not be taken in this paper. In order to verify the rationality of the numerical analysis results, the numerical analysis is performed based on the slope model test in of the key laboratory of engineering geomechanics (EGL) which was conducted by Dong Jinyu and Yang Guoxiang [9] . On this basis, the effects of the ground motion parameters and rock mass structure to the dynamic responses of slope have been studied.
Test Model of EGL.
The model test of EGL is a shaking table model test, shown in Figure 2 . The length l, density ρ and modulus of elasticity E of the model are regarded as fundamental dimensions of the test, and the corresponding similarity constants are S l =64, S ρ =1 and S E =64, respectively. The test study on the high and steep consequent rock slope of which the height is about 100 meters and the slope angle is about 60 degree. According to the similarity constant S l =64, the size of the consequent rock slope model is 1.75 meters in length, 0.8 meters in width and 1.6 meters in height, as shown in Figure 3 [9] . The dip angle of rock strata is 25 degree and the slope angle is 60 degree. The slope model is composed of building blocks. The rosin alcohol with 15% adhesive is adapted to bond the blocks Landslides from one to another. The physical and mechanical parameters of building blocks and adhesive are shown in Table 1 . In order to study the acceleration response law of the consequent rock slope under earthquake, ten acceleration sensors are embedded both inside and outside the slope along the vertical and horizontal direction, respectively, as shown in Figure 3 .
Numerical Model
According to the above-mentioned test model and test scheme, the following basic assumptions have been taken in the numerical analysis in order to simplify the problem:
(1) The issue of the slope stability is simplified into a plane strain one. Only the influence of gravity to the slope stability is under consideration, regardless of the groundwater, external loads, excavation and other factors.
(2) When analyzing the slope stability, the structure planes are assumed to be parallel and equal spacing.
(3) The slope medium is supposed to be isotropic and nonlinear continuum. The weak structural planes are simulated in the way of lowering the intensity parameters.
The numerical calculation model is enlarged according to the similitude ratio of the test model. The enlarged numerical slope model is about 102 meters in height. The calculation parameters are shown in Table 1 . In dynamic calculation, the static boundary condition (absorbing boundary) is applied at the bottom of the model, and the free-field boundary condition is used to simulate the state of infinite space around the slope model. The geometry size, arrangement of monitoring points and FLAC3D mesh generation of the numerical calculation model are shown in Figure 4 
Dynamic Response Characteristics of Consequent Rock Slope
In this section, the compare analysis of the results of the model test and numerical simulation is performed to verify the feasibility of analyzing the dynamic stability problem of consequent rock slope by using FLAC3D. Then, the acceleration response rule of the consequent rock slope is studied on this basis. Analyzing the change law of the peak ground acceleration (PGA) amplification coefficient is an effective method to analyze the law of acceleration response. Peak ground acceleration amplification coefficient refers to the ratio of acceleration peak of the monitoring points to the input acceleration peak. In order to study the effect of ground motion parameters on the slope dynamic response, only the sinusoidal wave is applied as horizontal seismic wave in the numerical analysis.
Spatial Distribution of the Slope Dynamic Response
The acceleration time history is applied as the horizontal seismic wave at the bottom of the slope model. When applying the sinusoidal wave of 15Hz in frequency and 0.1g (l g =9.8m/s 2 ) in amplitude, the change law of PGA amplification coefficient of the consequent rock slope along the height direction is shown in Figure 5 . From Fig. 5(a) , on the slope surface, with the increase of elevation, slope PGA amplification coefficient increases gradually and nonlinearly. The closer it gets to the top of slope, the faster PGA amplification coefficient increases. From Figure 5(b) , inside the slope, with the increase of elevation, the slope PGA amplification coefficient shows an increasing trend as well, besides a local decrease. Especially on the top of slope, PGA amplification coefficient increases remarkably. The curves in Figure 5 show that the slope elevation has a significant amplification effect on the acceleration response. The Figure 6 shows the variation of PGA amplification coefficient along the horizontal direction. It is observed that, on the horizontal direction, PGA amplification coefficient on the slope surface is greater than that inside the slope, and shows the tendency of firstly decreasing and then increasing from the surface to the center of slope. Therefore, it can be seen that the slope dynamic response presents surface effect within the scope of certain depth in the horizontal direction. By comparison, the results of the numerical analysis are slightly bigger than that of the shaking table test both in the vertical direction and horizontal direction, but the similar change law can be seen obviously.
Influence of Ground Motion Parameters on Slope Dynamic Responses
Influence of Seismic Wave Frequency.
The acceleration response of the slope surface on the vertical direction is shown in Figure 7 . Sinusoidal waves of the same amplitude but different frequencies are applied to the slope. The fundamental natural frequency of the slope model is 25Hz, namely the fundamental natural frequency of the actual slope is 3.125Hz according to the results of the dynamic characteristics test of the slope structure. The Fig. 8 shows that with the increase of the frequency of seismic waves, PGA amplification coefficient of the slope surface is obviously increased. As the frequency of the input wave approximates to the fundamental natural frequency of the slope, the acceleration responses of the slope become more intense. Based on comparison, test results and the numerical analysis results are in good agreement. 
Influence of Seismic Wave Amplitude
The acceleration response at monitoring point A5 which is located on the slope top is shown in Figure 8 under sinusoidal waves of the same frequency but different amplitudes. Obviously, with the increase of seismic amplitudes, PGA amplification coefficient will decrease. The results of numerical analysis and test are consistent, and the results of the former are slightly larger than the latter. This phenomenon may relate to the material nonlinearity, damping characteristics of slope and frequency characteristics of the seismic wave. With the increase of amplitude, the deformation of the slope increases and the shear modulus gradually reduces, which makes the natural frequency of the slope decrease and damping ratio increase. The material nonlinearity enhances the filtering effect of rock mass. These above-mentioned factors may weaken the dynamic response of materials. Influence of Slope Rock Mass Structure. The Figure 9 shows the acceleration dynamic response of the consequent rock slope and homogeneous rock slope. Apparently, the PGA amplification coefficients of the consequent slope are greater than that of the homogeneous slope, because the refraction and reflection of the weak structure surface can enhance the slope dynamic response. By comparison, the variation of the results of both the numerical analysis and the test are basically identical in addition to some individual monitoring points. Therefore, the results of numerical analysis are reasonable. In a few words, the dynamic response results of the above-mentioned numerical analysis and the test of EGL are coincident, which verifies the feasibility of the application of numerical analysis based on FLAC3D to the dynamic stability analysis of consequent rock slopes. 
Summary
So far, the slope dynamic stability problem is bothering in geotechnical engineering field. The study about the instability failure mechanism and stability analysis of the consequent rock slope is still in the exploratory stage. The scholars at home and aboard still fail to reach a unified understanding. The research work of this paper is focused on the dynamic stability problem of consequent rock slope. The main research conclusions include:
The large-scale shaking table model test of consequent rock slope was carried on by Dong Jinyu and Yang Guoxiang in the key laboratory of engineering geomechanics (EGL). The experiment is simulated in this paper by using FLAC3D software. The numerical analysis result is in agreement with the test result, which verifies the feasibility for analyzing dynamic stability problems of consequent rock slope by using the FLAC3D software. The dynamic response characteristics of consequent rock slope are obtained through compare analysis of the test results and the results of numerical analysis.
